The aim of the study was to find the sources of 137 Cs in wild boar food in the natural ecosystem. The main emphasis is focused on the analyses of wild boar muscles and the content of wild boar stomach. Boars weighing 20 to 100 kg were killed at two locations. The highest specific activities of muscles were measured in boars originated from the Dvorce location; the average specific activity in boars killed on 14 Cs specific activities higher than that of the detection limit. Consequently, underground mushrooms probably represent the main source of radiocesium in the food chain of boars. A remarkable reduction of 137 Cs specific activities in boar muscles is not expected at the post-Chernobyl radiocesium contaminated locations with the occurrence of Elaphomyces granulatus within next two decades.
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The consequences of nuclear accidents can have a long-term effect on some biocenoses. It is caused by the transfer capability of some radionuclides that move from the abiotic environmental components to the biotic component and accumulate in it. One of them is the 137 Cs radionuclide, i.e. the primary post-Chernobyl nuclide (with its physical half-life of about 30 years), that was shortly accompanied by 134 Cs (with its physical half-life of about 2 years) after the disaster, both with the chemical behaviour similar to that of potassium (Garger et al. 2006; Rajec et al. 2009 ).
After successive reduction of the radiocesium activity in muscles of fair game, an unexpected reversal occurred in the 1990s. After floods in the North-Eastern Moravia in June 1997, the radiocesium activity increased in the muscles of fair game (in 183 specimens examined by the State Veterinary Administration). This mainly pertained to boars and ungulate game with the exception of mountain goats. According to the State Veterinary Administration of the Czech Republic, the average activities were 61 Bq·kg -1 from 1992 to June 1997, 588 Bq·kg -1 from July 1997 to 2000, followed by reduction to the average of 101 Bq·kg -1 observed during the years 2001 and 2002. Specific activities that exceeded 1,250 Bq·kg -1 were randomly detected in boars after the flood in North-Eastern Moravia, i.e. values that exceeded the maximum permissible activity (Decree of SÚJB 2002) . Such values were detected in four specimens (from 1,649 to 7,510 Bq·kg -1 ).
Resorption of radiocesium (
137 Cs) in the digestive tract of vertebrates is relatively high (50% and more). Resorption can reach up to 80% in ruminants whereas 100% can be reached in monogastric animals (especially carnivores). The wild boar belongs to animals whose origins of
137
Cs have not been exactly explained yet.
The importance of radiocesium exposure of human beings by ingestion of boar meat seems to be negligible due to low consumption of wild boar meat in the Czech and Slovak Republics (about 0.5 kg a year). However, the radiological risk of a critical group should not be underestimated. For example, the consumption of wild boar meat by members of hunting associations is higher by nearly two orders than that of the rest of the population, exceeding sometimes more than a half of other yearly meat consumption. Ecological halflife models (Lettner et al. 2009 ) can be used as valuable and effective tools to specify the countermeasures for contamination reduction or meat consumption regulation. Cooking or salting, including meat brining can take part in such countermeasures (Dvořák at al. 2008) .
The explanation of radiocesium transfer into the digestive tract and consequently the transfer of radiocesium into the wild boar muscles is of great importance as the knowledge of this process might contribute to the development of countermeasures against possible muscle contamination.
Therefore, the aim of this study was to explain the source of 137 Cs in wild boar food in the natural ecosystem with the main emphasis on analyses of muscles and the content of stomach, and to find possible dependence of 137 Cs activity in muscles on the sex of animals.
Materials and Methods
Wild boars weighing 20 to 100 kg originated from two adjacent locations (Šabrava and Dvorce) situated in the Odry Highlands and partly in the Nízký Jeseník mountains. The landscape is a typical upland (600 m above sea level on the average) with rich spruce forests, at lower altitudes with mixed forests and isolated beech and birch forests, and willows and alders near watercourses. There are large meadowlands and grasslands situated among individual forests. Arable land is quite rare; small-scale watercourses that formed deep valleys by erosion activity have strongly affected the landscape.
Twenty two muscle samples and eleven samples of the stomach content were taken from wild boars of the weight ranging from 20 to 100 kg from 8 November 2006 to 4 April 2008 to determine the 137 Cs specific activities. Twenty surface land samples were collected from the places rooted by animals and up to a distance of 2 m from them. All typical food items were collected, i.e. soil, needles, earthworms, beechnuts, rootlets, and mushroom Elaphomyces granulatus). Some additional foods (maize silage, sugar slices and oat) were also included.
Stomach content sample with the specific activity of 100 Bq·kg -1 was rinsed by water and sorted according to the grain size on the 1 mm screen. The samples were not dried; all were measured in their native state or cooled to a temperature of -15 ºC, and then measured.
The 137 Cs specific activities were measured using gamma-spectrometry with the semiconductor HPGe GC2020 detector (efficiency of 20%, resolution at 1.3 MeV of 1.8 keV) and the Inspector multichannel analyser.
Three measurement geometries (i.e. methods of measurements) were used in this study: muscles were measured in the Marinelli beaker (450 ml), the contents of stomach and other potential radiocesium sources in 200 ml PE bottles (200 ml) and separated parts of stomach in Petri dishes (10 ml). All geometries including the gammaspectrometric system were certified in the Czech Metrological Institute. The following minimum detectable activities (MDA) for the measuring time of 3 h were determined: 0.9 Bq·kg -1 in the Marinelli beaker, 5.2 Bq·kg
in PE bottles and 83 Bq·kg -1 in Petri dishes. However, the measuring time was extended for some samples to 18 h with the following MDA: 0.4 Bq·kg -1 in the Marinelli beaker, 2.2 Bq·kg -1 in PE bottles and 10 Bq·kg -1 in Petri dishes. The combined relative standard uncertainties were calculated according to the Guide (1993) . Details of the system were described by Dvořák et al. (2006) .
Statistics were evaluated by means of the basic parameters (modus, mean, and median) and by the polynomial curves describing the time trends. The effect of sex on the muscle activity concentrations was assessed by means of paired t-test with non-homogeneous variation.
Results
Higher specific activity of 534 Bq·kg -1 in the soil at the Dvorce location was measured in comparison to the specific activities of 173 Bq·kg -1 in the soil at the Šabrava location. The specific activity of earthworms was 16 Bq·kg , and the specific activity of rootlets collected at the Šabrava location was higher than that of the pure soil of this locality (2,000 Bq·kg -1) . On the other hand, the specific activities of 20 Bq·kg -1 at the Šabrava location and 27 Bq·kg -1 at the Dvorce location were measured in samples taken in the second half of November. In other samples, except for the samples collected in November, January and April, the specific activities were very low, in fact lower than the minimum detectable activity (5 samples). Fig. 1 shows the time trend of the 137 Cs seasonal activity variations in muscles and in the contents of stomach. The maximum specific activity in muscle was measured twice in April with the maximum specific activity in the stomach content always preceding.
The difference of the means of 31 Bq·kg -1 for males and 43 Bq·kg -1 for females was not significant due to considerable fluctuations. The effect of sex on the activity in muscles was not proved. Fig. 2 shows the specific activity in the stomach content and the corresponding specific activities in muscles of 11 boars. The maximum specific activity of 100 Bq·kg -1 in the stomach content was detected in a boar at the Dvorce location while the corresponding specific activity of 68 Bq·kg -1 was detected in muscle of the same boar. The highest specific activity was 89 Bq·kg -1 in boar muscle and the corresponding specific activity of the stomach content was below MDA. The individual relationships and the considerable fluctuations between the specific activity in the stomach content and muscles of the particular animals are shown in Fig. 2 .
Discussion
Live microbial biomass is the primary indicator of the 137 Cs transfer from soil into the ecosystems. Only minimum
137
Cs quantity is deposited in the live microbial biomass, but S87 Fig. 1 . The time trend of the 137 Cs specific activities in muscles and in the content of stomach a positive correlation was found between the transfer factor of soil/plant and mushroom biomass (Stemmer et al. 2005 ). This has proved the importance of all mushrooms in the radiocesium distribution while the 137 Cs resorption is higher by one order for mushrooms compared to other plants (Satoshi et al. 1998 ). The accumulation capability of radiocesium in mushrooms is not clear. The
Cs specific activities depend on the species of mushroom, soil contamination, substrate, humidity and time, and/or other ion concentrations. Xercomus badius, X. chrysenteron, Suillus variegatus, Cantharellus tubaeformis, C. lutescens, Rozites caperata, Hydnum repandum, Laccaria amethystina, Russula cyanoxantha belong to species of mushrooms with above-ground fruiting bodies that have the maximum capability to accumulate radiocesium (Rückert and Diehl 1987; Satoshi et al. 1998; Kalač 2001; Felitz 2005; Dvořák et al. 2006) .
Detailed investigation of the environment and food chain of forest ecosystems found a high activity of the underground fruiting bodies of the mushroom genus of Elaphomyces sp. that were primarily located in spruce forests. The absolutely highest
Cs specific activity of 25,660 Bq·kg -1 was detected in the fruiting bodies found in a Bavarian forest (Felitz 2005) whereas the specific activities reached their maximum between 800 to 18,800 Bq·kg -1 in less contaminated regions, e.g., in Rhineland, Germany (Hohmann and Huckschlag 2005) . The above mentioned specific activities exceeded at least by one order the specific activities measured in all other above-ground fruiting bodies and other plant and animal samples (Hohmann and Huckschlag 2005) . Seasonal variations of the 137 Cs specific activities in muscle samples of boars in forests in the south Rhineland (50% pine forests and 20% spruce forests representing 90% of the land area) were revealed between January 2001 and February 2003. The fluctuation was characteristic with higher incidence of specific activities higher than 600 Bq·kg -1 in muscle during two summer seasons (from March to September), i.e. 26% and 24%, and with their lower incidence in three winter seasons (9.3%, 7.9% and 1%). The stomach contents were examined as well. A positive correlation (0.66) for the activity of the stomach contents and the activity of muscle was found, but the stomach contents were usually less contaminated compared to muscles; the median of the stomach content was 22 Bq·kg -1 , the maximum 1,749 Bq·kg -1 , while the Cs specific activities in the stomach contents and in muscles of wild boars median of muscle was 129 Bq·kg -1 , and the maximum 5,573 Bq·kg -1 . No difference in the specific activities of female and male muscles was proved (Hohmann and Huckschlag 2005) .
In Croatia, some locations were monitored during the years 2000 and 2002 (Vilic et al. 2005) ; radiocesium in boar muscles ranged from 0.4 to 611.5 Bq·kg -1 . The highest muscle contamination was observed in autumn. The authors interpreted this fact as a result of higher mushroom intake by boars at that time.
Radiocesium transfer into boar muscles was monitored at two locations in Northern Austria (Strebl and Tataruch 2007 ) from 1986 to 2003. Interestingly, the ecological halflife in boars was highly variable compared to deer, with an increasing tendency in recent years. The seasonal variations were similar to those of the neighbouring Germany, i.e. the highest contamination was detected in the first half of year.
The ecological 137 Cs half-life is usually markedly longer than the effective half-life, and extremely important in terms of prognosis determination. The relations between the ecological and effective half-lives were studied by Lettner et al. (2009) .
The results of stomach content analysis showed the considerable importance of additional feeding and beechnuts in the food of boars while rootlets and sprouts were less important, and the importance of animal components was minimal. Mushrooms were not identified in any stomach, probably due to their relatively high digestibility in boars. Furthermore, the following food components of boars manifested the 137 Cs specific activities higher then MDA in the samples tested: 16 Bq·kg -1 in meadow earthworms, 200 Bq·kg -1 in rootlets at the Šabrava location, and finally 4,743 Bq·kg -1 and 2,858 Bq·kg -1 in Elaphomyces granulatus fruiting bodies. The fruiting bodies were not found in the boar stomach as other mushrooms, however, they were found in the marginal areas around the rooted locations. We may assume that this mushroom with a vegetation season from September to April is searched and consumed by boars, similarly as e.g. the truffles in France. For example, considering the high activity of 4,743 Bq·kg -1 measured in one sample and taking into account the high mushroom digestibility in boars, the specific activity of chyme can be estimated to about 237 Bq·kg -1 only due to the intake of the mushroom when 5% intake in 1 kg of the stomach content was taken into account. For monogastric animals, the radiocesium resorption can reach up to 100% while excretion is about 25%, which would mean a daily growth of specific activities of 21 Bq·kg -1 in the net muscle weight of 25 kg (for a boar life weight of 100 kg and food consumption of 3 kg daily). However, such chyme usually does not consist only of the fruiting bodies of the above mentioned mushroom and other components with the specific activities below MDA. The following example based on our results (muscle sample with the specific activities of 4, Cs activity in the stomach content. In case of food consumption of 3 kg·day -1 at the Šabrava location with the individual contributions, i.e. 5% fruiting body of Elaphomyces granulatus (total 711 Bq), 5% soil elements (26 Bq), 20% rootlets (120 Bq), 2% earthworms (1 Bq) and other components with the specific activities below MDA, the total activity of the stomach content would be 858 Bq per day. For the stomach content of 1 kg, this means the specific activity of 286 Bq·kg . The daily increase of the specific activity in muscle would be 26 Bq·kg -1 . However, the increase due to other components in the food chain is only 5 Bq·kg -1 , i.e. an increase by 25%. Hohmann and Huckschlag (2005) stated that a higher contribution of additional feeding was recorded in the least contaminated stomach contents of boars in southern regions of Germany. A higher fraction of Elaphomyces granulatus was recorded in the most contaminated stomach contents. The surface activity in these locations ranged from 2.7 to 10.5 kBq·m -2 while the specific activity of the mushroom was reported from 800 to 18,800 Bq·kg 
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According to Felitz (2005) , the average specific activity of plants was lower than 1,000 Bq·kg -1 in ferns (Dryopteris carthusiana) and bilberries (Vaccinium myrtillus). Contamination of above-ground fruiting bodies ranged from 24 Bq·kg -1 (Macrolepiota procera) to 2,800 Bq·kg -1 (Xerocomus badius). However, the average specific activities of 26,800 Bq·kg -1 in the above-ground fruiting bodies of Elaphomyces granulatus many times exceeded the specific activities of other food components of the wildlife game. It was very important especially for boars. Our study shows that Elaphomyces granulatus mushroom must be considered as the most important source of 137 Cs because it considerably contributes to the 137 Cs intake (82%). In the following two decades, we do not expect any long-term reduction of 137 Cs specific activity in wild boar muscles in the post-Chernobyl
137
Cs contaminated locations with the presence of Elaphomyces granulatus. The only exception can be in the years with a large beechnut yield when wild boars prefer beechnuts in their food and the specific activity in wild boar muscle can decrease. Additional feeding with non-contaminated feed seems to be very important as it may reduce the wild boar intake of mushrooms. This would markedly reduce the muscle contamination, and consequently the risk of internal contamination of the human population by the wild boar meat consumption as well.
Transfer radiocesia do masa prasete divokého
Cílem práce je objasnit zdroj . Právě tato podzemní houba představuje hlavní zdroj radiocesia v potravním řetězci divokých prasat. V dalších dvou desetiletích se tak na postčer-nobylským radiocesiem kontaminovaných lokalitách s výskytem Elaphomyces granulatus nedá očekávat výrazný pokles aktivity 137 Cs ve svalovině prasete divokého.
